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ABSTRACT:. The 97 kDa valosin-containing protein (VCP) belongs to a highly conserved AR éses
associated with a variety oéctivities) family and contains two ATPase domains, D1 and D2. VCP
participates in numerous cellular activities, such as membrane fusion, postmitotic Golgi reassembly,
endoplasmic reticulum-associated degradation, ubigufiioteasome-mediated proteolysis, and many
others. In performing these activities, VCP presumably acts as a molecular chaperone that prevents protein
aggregation and modifies protein conformation. In this study, we characterized the aggregation-prevention
activity of VCP and identified the structural requirement for this activity. We used multiple methods to
treat aggregation-prone luciferase (Luc) and showed that VCP prevents the aggregation of Luc in vitro.
These results are in agreement; in vivo RNA interference analyses showed that a reduction of VCP level
results in more aggregation of Luc in cells. Structural and functional analyses further demonstrated that
the D1 domain of VCP is sufficient to mediate the aggregation-prevention activity, which does not require
ATP binding, ATP hydrolysis, or a hexameric structure of VCP. Together, these results indicate that (1)
VCP prevents protein aggregation in vitro and in vivo, (2) this aggregation-prevention activity is mediated
mainly through the D1 domain of VCP, and (3) this activity does not require ATPase activity or a hexameric

structure of VCP.

VCP is one of the most conserved genes across thesegregase that binds to the ubiquitinated substrate protein,
evolutionary scale. It is also known as VAT in archaeal which is usually associated with, and protected by, other

bacteria, CDC48 in yeast, TER94 DDrosophila p97 in
Xenopusand p97/VCP in mammald.{5). It is an essential

proteins, and then separates this substrate from the complex
and targets it to the proteasome for degradatids). (

gene and codes for an abundant 97 kDa ATPase that belongs |n recent years, we and other groups conducted a series

to the ancient AAA (ATPases associated with a variety of
activities) family @; reviewed in refs7—12). As other
members of the family, VCP is involved in a wide variety
of cellular activities, including membrane fusion, Golgi
reassembly after mitotic division, endoplasmic reticulum-
(ER-) associated degradation (ERAD), ubiquitprotea-
some-mediated proteolysis, and others (reviewed il 3gf
The participation of VCP in these seemingly unrelated

of studies on VCP at a molecular level to characterize its
biological functions and the structural requirement for each
of these functions. Structurally, the VCP molecule consists
of three clearly defined domains: the N domain (residues
1-187) and two conserved ATPase domains, D1 (residues
209-460) and D2 (residues 481763) (1L6). We and others
previously showed that the N domain binds to polyubiquiti-
nated proteinsl(7—19) and cofactors of VCP2Q). Structural

functions relies on.its conserved chaperone activity. We studies have shown that six neighboring ND1 (residues
propose that VCP, like many molecular chaperones, readily 1-481) domains form a stable hexameric ring-shaped

binds non-native proteins and modifies their conformation

structure, in which D1 is the major mediator for hexamer-

so that these client proteins are properly prepared to carryization @1, 22). We also demonstrated that the neighboring
out the next activity. For example, in mediating membrane D2 domains, which also form a ring-shaped structure, are

fusion, VCP, along with the cofactors, catalyzes the disas-

sembly of the SNARE fluble NSF attachment protein
receptors) complex following the fusion event, thus allowing
the individual SNARE proteins to be recycled for further
rounds of fusion 14). In ubiquitin—proteasome-mediated
degradation, VCP likely acts as a polyubiquitin-specific

T This project has been funded with federal funds from the National
Cancer Institute, National Institutes of Health, under Contract NO1-
CO0-12400. The content of this publication does not necessarily reflec

the major mediators for the ATPase activiB3). Further-
more, the D1 ring remains relatively stable, and the D2 ring
undergoes major conformational changes during ATP hy-
drolysis reactions21).

Previous studies suggest that VCP is involved in many
cellular activities by acting as a molecular chaperone. VCP
is expected to perform activities such as binding to non-
native proteins, suppressing protein aggregation, disas-

; Sembling protein complexes, and perhaps even unfolding or

the views or policies of the Department of Health and Human Services, refolding the client proteins. However, the molecular mech-
nor does mention of trade names, commercial products, or organizationsanisms involved in these activities are not well understood.

imply endorsement by the U.S. Government.
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In this study, we investigated the basic chaperone activity
of VCP as an inhibition of aggregation and found that it
prevents the aggregation of non-native proteins in an ATP-
independent manner. With a variety of VCP mutants, we
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further showed that this basic chaperone activity does notwith the same buffer with or without test chaperones at room
require the ATPase activity or a hexameric structure of VCP temperature. Light scattering of the protein aggregates was
and the monomeric D1 domain is sufficient to prevent protein determined by measuring the absorbance at 320 nm in 10 s
aggregation. In addition, we used the RNA interference intervals. For the experiments described in Figures 1d and
technique to reduce the level of VCP in the cells that stably 2d, reactions were centrifuged at 12000g for 10 min, and
express a fusion protein comprising firefly luciferase (Luc) the pellet and supernatant fractions from each reaction were
and green fluorescent protein (GFP). Luc-GFP serves as agnalyzed by SDSPAGE followed by Western blot using
reporter for protein aggregation, in which the thermolabile | yc-specific antiserum (Sigma, St. Louis, MO).
Luc molecules form aggregates in response to heat shock, - ce| culture and Transfectiotduman embryonic kidney
while GFP remains stable to produce green fluorescetie ( (HEK) 293 cells were maintained in Dulbecco’s modified
Complementary to the in vitro results, we found that the level Eagle’s medium plus 10% fetal calf serum (BD Biosciences,
of VCP inversely correlates with the extent of Luc-GFP Bedford, MA) at 37°C in a humidified atmosphere with
aggregation under heat shock conditions. Finally, the resultsgy, CQ. Luc-GFP @4) plasmid DNA was transfected into
show that VCP associates with the non-native Luc moleculesipg cells using Lipofectamine 2000 (Invitrogen, Inc., Carls-
and colocalizes, with the foci containing Luc-GFP ag- bad, CA). A stable Luc-GFP-expressing cell line was
gregates. established by flow cytometry sorting for GFP-positive cells
MATERIALS AND METHODS ﬁqnedn;[gen used in RNA interference and heat shock experi
Plasmids, Proteins, and ReagenThe wild-type (WT) RNA InterferenceHEK293 cells stably expressing Luc-
and mutant VCP proteins were constructed and expressed>FP were first transfected with two shRNA plasmids using
as fusion proteins, each with a hexahistidine (His) peptide SUPerfect (Qiagen Inc.) according to the manufacturer's

tagged at the C-terminug®). N (residues +200), ND1 instructions. The two targeting regions of the VCP gene are
(residues +481), D2 (residues 443306), and D1D2 S-CGGTTCTTCTGTTTGAGAATGGCTGTTGA-3and 5-

(residues 208806) have been previously reported under the 11 TAGGCCATCCATGAGGGTCAACAACTG-3 (Open-
names of N200, N-D1-linker, E, and delta N, respectively Biosystems In.c., Huntsville, AL). For the control, cellls were
(21-23). Other mutants were generated using the Quick- transfe'cted W|th_the empty vector of sh.RNA plasmid.
Change site-directed mutagenesis kit (Stratagene, La Jolla, N Vivo Protein Aggregation AnalysisThe Luc-GFP-
CA). D1 (residues 208481) was generated using ND1 as EXPressing HEK293 cells transfected with shRNAs or their
the template and oligonucleotide’-GAGAAATTAAC- control vector were heat-shocked at43for 1 h orkept at
CATGGAAGTAGGCTATGATG-3 and its complementary 37°C as a control. Cells were washed twice with cold PBS
strand as primers. D1D2 (residues 2@®6) was generated ~ containing 1 mM PMSF, resuspended in 1@0 of PBS
using WT as the template and oligonucleotides& TAC- buffer, and lysed by sonication (¥ 7 s) with a Branson
CGGACATATGGGTGGTTGCAGGAAG-3and its comple- Sonifier 250 sonicator. The soluble and insoluble fractions
mentary strand as primers. A1A2 (K251T/K524T) is a site- Of cell lysates were separated by 12@G@ntrifucation for
specific mutant that contains K to T mutations at the ATP- 10 min and then analyzed by SBEAGE and subsequent
binding site in both D1 and D2 domains. ND1-R359A and Western blotting with antibodies against VCP, Luc, and
ND1-R362A have been reported under the names-oAf1]- p-actin. o

R359A and [+481]R362A @5), respectively. All His-tagged Luc Actiity Assay The Luc enzyme activity was assayed
recombinant proteins were expressed and purified accordingWith @ Luc assay kit (Promega Inc., Madison, WI) following

to the manufacturer’s specifications (Qiagen Inc., Valencia, the manufacturer’s protocol. In brief, 2.5 10* cells
CA) and stored in the dialysis buffer (DB: 50 mM Tris- transfected with VCP shRNA or control vector were heat

HCI, pH 8.0, 5% glycerol, 1 mM DTT). GroEL was Shocked at 43C for 1 h and then lyzed in Glo buffer.
purchased from Stressgen Biotechnology Corp., Ann Arbor, Aliquots of 2uL of cell lysates were mixed with 50L of

MI. Firefly Luc, N-ethylmaleimide (NEM), and ATP were ~ Stéady-Glo Luc assay reagent at room temperature, and the
purchased from Sigma. The reporter plasmid, pLuc-GFP, that€nZyme activity of Luc was measured using the GENios
encodes the Luc-GFP fusion prote) was kindly provided ~ Multifunction reader (Tecan Group Ltd., San Jose, CA).

by H. Kampinga, Groningen, The Netherlands. The mono- mmunofluorescence AnalysiHEK293 cells expressing
clonal anti-VCP antibody was produced by immunizing the LUc-GFP were grown and processed in Lab-Tek chambers

mouse with a KLH-conjugated synthetic peptide correspond- (Nalgene Nunc Int. Corp., Rochester, NY). For immuno-
ing to the C-terminal 792806 residues of human VCP and fluorescence analyses, the cells were washed twice with cold
affinity purified by protein G chrotomatography. PBS, fixed with ice-cold methanol, washed three times with

In Vitro Luc Aggregation AssayTo assay heat-induced cold PBS, and incubated with a blocking buffer (TBS buffer
. ; 5 . ; 0 ;
aggregation of Luc, 0.1M Luc in buffer A [12.5 mM with 0.1% bovine serum albumin and 0.1% gelatin) for 30

min. The cells were then reacted with VCP C-terminus-
HEPES, pH 7.9, 2.5 mM Mg(OAg) 25 mM KCI, 25 mM  gneific antibody 17), followed by the TRITC-conjugated

p-mercaptoethanol] was heated at*3in the presence of  gntimouse antibody (Sigma). The same samples were also
different amounts of VCP. Aggregation of Luc was deter- stained with Hoechst 33342 (&y/mL; Sigma) to localize
mined by measuring the light absorption at 320 nm in 5 min nyclei, Finally, cells were washed three times with cold TBS,
intervals using a Beckman Du640 WWis spectrophoto-  and Luc-GFP, VCP, and nuclei were localized by imaging
meter. To assay urea-induced aggregation, the basic proceGFP, TRITC, and Hoechst 33342, respectively. The images
dure was based upon the previously reported met@6g (  were acquired using Zeiss LSM510 confocal laser-scanning
Luc (7.5u4M) was denatured in buffer B (25 mM HEPES- microscopy.

KOH, pH 7.6, 50 mM KCI, 10 mM MgGCJ, 10 mM DTT) Pull-Down AssayLuc (100 nM) was mixed with different
containirg 8 M urea for 30 min and then diluted 50-fold VCP-His variants (1uM each) in buffer A [12.5 mM
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Ficure 1: VCP prevents the aggregation of denatured Luc. (a) Luc (@Mpwas incubated in the designated ratio with VCP at’@€3

for 30 min. (b) Luc was treated wit8 M urea and diluted to 0.18M with either the control buffer@) or buffer with 1uM VCP (@), 1

uM GroEL (@), or 1uM BSA (H). (c) Urea-treated Luc was diluted to 0.28 with a buffer containing 0, 0.08, 0.15, 0.30, 0.45, or 0.60

uM VCP. The turbidity in each reaction was measured kinetically as light absorption at 320 nm in 10 s intervals. (d) Urea-treated Luc was
diluted to 100 nM with the buffer containing an increasing amount of VCP. VCP (concentration in monomersy Q,u&5, 1, 2, 3, 4,

8, 16, and 32 in lanes from left to right. After incubation at 5 for 15 min, the reactions were centrifuged, and equal portions of the
supernatant and pellet were analyzed by SBPBGE and Western blot with anti-Luc antibody.

HEPES, pH 7.9, 2.5 mM Mg(OAg) 25 mM KCI, 2.5 mM RESULTS
B-mercaptoethanol] and incubated at 43 GC4for 10 min.

Each reaction was centrifuged at 5@00r 5 min, and the VCP Prevents Protein Aggregation in Vitrd[o study the

. chaperone activity of VCP at a molecular level, we first

N I %xamined the capability of VCP to prevent protein aggrega-
Luc) was reacted with Ni-NTA agarose beads to pull down o i vitro. We used Luc as a reporter for stress-induced

VCP and the potentially associated Luc. The collected VCP- yenatyration and aggregation since it is highly sensitive to
containing complex was subsequently analyzed by SDS poth heat and chemical stress and has been commonly used
PAGE fO”OWed by Western blot“ng W|th anti-Luc ant|b0dy. to ana|yze Chaperone activity in Vitro and in ViVO. We
The detection of Luc indicates a physical association betweenthermally denatured Luc in the presence of different amounts
VCP and Luc. of VCP and then detected the aggregation by optical
absorption. As shown in Figure 1la, heat-denatured Luc

. rapidly formed aggregates in the absence of a chaperone (top
cells were challenged at 4€ for 1 h and lyzed in 20@L curve), and the aggregation was efficiently suppressed in the

of cold PBS supplemented with 1 mM PMSF. Cell lysates presence of VCP (lower curves). The suppression correlates
were centrifuged at 50@0for 5 min at 4 °C, and the  \ith the concentration of VCP.

supernatant was immunoprecipitated with monoclonal anti- | addition, we chemically denatured Luc tvi8 M urea
VCP antibody and protein €Sepharose beadsrf@ hat4  and then diluted it in the presence of various agents. As
°C. The precipitated VCP complexes were washed threeshown in Figure 1b, the denatured Luc molecules formed
times with cold PBS and subjected to SBBAGE and  aggregates in the absence of chapero@sand in the
Western blot. The coprecipitated Luc was detected by presence of a control protein BSA). In contrast, the
Western blotting with anti-Luc antibody. aggregation was significantly suppressed by V@ &nd

Co-immunoprecipitationThe Luc-GFP-expressing HEK293
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Ficure 2: The VCP D1 domain is the major mediator for aggregation prevention. (a) Gene structures of WT VCP and the truncated
mutants (N, ND1, D1, and D2) are shown. (b) The expressed WT and the mutant proteins were purified éainresolved by SDS

PAGE gel, and stained with Coomassie Blue. The molecular size standards are shown on the left. (c) Urea-induced Luc aggregation was
performed in the presence of the designated VCP variants, and the aggregation was monitored. (d) Urea-treated Luc was diluted to 100 nM
with buffer containing an increasing concentration of D1 protein (as shown in the ratio). After incubatioPGf&@5L5 min, the reactions

were centrifuged, and equal portions of the supernatant or the pellet were analyzed b SGE and Western blotting with Luc-specific
antibody.

GroEL (@), a prototype molecular chaperone. Further inthe reaction, more Luc was detected in the soluble fraction
analyses showed that this activity was VCP dosage dependenand less in the insoluble aggregates (Figure 2d). Therefore,
(Figure 1c). To further analyze the Luc aggregates, the D1 appears to play an important role in mediating the
reactions were centrifuged and separated into a solubleaggregation-prevention activity of VCP.
fraction containing dissolved Luc molecules or an insoluble  Hexamerization Is Not Required for VCP To Peat
fraction containing Luc aggregates. The separated fractionsprotein Aggregationlt has been shown that an oligomeric
were analyzed by SDSPAGE followed by immunoblotting.  structure is critical for many biological functions of AAA
As expected, when an increasing level of VCP is present in family members10). Our previous studies also showed that
the reaction, more Luc was detected in the soluble fraction g3 hexameric structure of VCP is essential for its ATPase
and less in the pellet (Figure 1d). Thus, the degree of activity (21, 22). To test whether the hexameric form is also
suppression in protein aggregation shows a correlation with required for aggregation-prevention activity, we first analyzed
the increase in VCP concentration. the oligomeric state of all the mutants presented in Figure 2
The VCP D1 Domain Plays an Important Role in Mediat- by native gel electrophoresis (Figure 3). Consistent with
ing Aggregation Preention. To determine which domain  previous results, WT and ND1 formed hexamers (lanes 1
of VCP is responsible for the aggregation-prevention activity, and 3), but N and D2 did not (lanes 2 and 5). Surprisingly,
WT and truncated mutants (Figure 2a), including N (residues in contrast to ND1, which was predominantly hexameric
1-200), ND1 (residues-1481), D1 (residues 268481), and (lane 3), D1 did not oligomerize to form a stable hexamer
D2 (residues 443806), were expressed, purified (Figure 2b), (lane 4), Since we observed that D1 sufficiently prevents
and used in assays for urea-induced Luc aggregation. Weprotein aggregation (Figure 2), this result suggests that the
found that the variants containing D1, WT, ND1, and D1 aggregation-prevention activity does not require a hexameric
prevented aggregation significantly, but N and D2, the structure of VCP. To further substantiate this finding, we
truncations lacking the D1 domain, did not (Figure 2c). expressed and purified ND1 and ND1-derived mutants
Fractionation of the reactions by centrifugation further (Figure 4a,b) and compared their aggregation-prevention
showed that when an increasing amount of D1 was presentactivities. ND1 proteins, as expected, formed hexamers, but
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kba  WT N ND1 D1 D2 VCP significantly suppresses the aggregation (lower curves)
669 — ' compared to the set without VCP (upper curves). Moreover,
440 — the ATP concentration does not seem to change the extent
L of aggregation in either set of reactions, suggesting that the
activity does not depend on ATP. Furthermore, we examined
whether this aggregation-prevention activity requires the
ATPase enzyme activity of VCP. We found that the
alkylating agent NEM, which completely inhibits the ATPase
activity of VCP (), did not change the ability of VCP to
suppress Luc aggregation (Figure 5b). Together, these results

T A 5 suggest that the aggregation-prevention activity required
FIGURE 3: VCP variants containing the D1 domain are not detected N€ither ATP binding nor ATP hydrolysis. To further confirm
in a hexameric form. The purified His-tagged VCP proteingg5 this ObSEI’V&tIOﬂ, we used the mutant AlA2, which harbors
each), including WT, N, ND1, D1, and D2, were resolved on a mutations in the ATP-binding site in both D1 and D2. We
native polyacrylamide gel and stained with Coomassie Blue. The found that A1A2 is still capable of suppressing the aggrega-
molecular size standards are shown on the left. The hexameric formy; 1, o Luc, although less efficiently than WT VCP (Figure
is indicated. . . =

5c¢). Therefore, the aggregation-prevention activity of VCP

the SRH site-specific mutants, ND1-R359A and ND1- is not significantly affected by the conformational changes

R362A, were predominantly monomers (Figure 4c). Con- induced by ATP.bmdmg or A_TP hydrolysis. )
sistent with the results obtained from D1 variants (Figure The D1 Domain of VCP Binds to Denatured/Non-nati
2), all of these ND1 variants, without hexamers or not, Luc. On the basis of the finding that D1 is required for
significantly suppressed the aggregation of urea-treated Lucaggregation-prevention activity, we considered whether D1
(Figure 4d). These results strongly support the conclusion protein actually binds to the denatured/non-native Luc. We
that a hexameric structure is not required for the aggregation-incubated Luc with His-tagged VCP variants under denatur-
prevention activity of VCP. ing condition (43°C) and then centrifuged the reactions. The
Aggregation-Preention Actiity Does Not Require ATP.  insoluble fraction should contain the aggregates of denatured
Since VCP undergoes major conformational changes uponLuc, and the soluble fraction should contain the molecular
ATP binding @1, 27), we further tested whether ATP binding chaperone, VCP, and its associated target, the denatured/
affects the aggregation-prevention activity of VCP. We non-native Luc. We added Ni-conjugated beads to the soluble
treated Luc with urea and then diluted it with or without fraction to isolate the complex of His-tagged VCP and its
VCP. In each set of reactions, aggregation was measuredassociated target proteins. This VCP-containing complex was
after the treated Luc was incubated with a buffer containing then analyzed by SDSPAGE followed by immunoblotting
0, 1, or 3mM ATP. As shown in Figure 5a, the presence of to detect Luc. As shown in Figure 6a, Luc was only

] hexamer
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Ficure 4: Both hexameric and nonhexameric ND1 (residued81) variants can suppress protein aggregation. (a) Gene structure of the
wild-type ND1 and its site-specific mutants, ND1-R359A and ND1-R362A, are depicted. (b) The proteins of ND1 variants were expressed,
purified, resolved by SDSPAGE, and stained with Coomassie Blue. (c) The purified proteins of ND1 variants were resolved by native gel
electrophoresis and stained with Coomassie Blue. The molecular size standards are shown on the left, and the hexamer and monomer are
indicated. (d) Urea-treated Luc was diluted to QudB in a buffer containing no VCPJ), ND1 (@), ND1-R359A ), or ND1-R362A W)

(0.45uM each). Light scattering was measured kinetically as light absorption at 320 nm in 10 s intervals.
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coprecipitated with those VCP variants possessing the DlFIGURE 7: Reduction of VCP results in an increase of Luc-GFP

domain, including the WT, ND1, D1, ND1-R359A, and  5ggregation in vivo. HEK293 cells stably expressing Luc-GFP were
ND1-R362A proteins. In contrast, N and D2, in which D1 transfected with control vector (Ctrl) or VCP-specific ShRNA vector
is absent, did not bind to the non-native Luc. This result (shRNA) for 5 days and then treated without (C) or with (H) heat
strongly suggests that D1 was required for binding to the shock at 43°C for 1 h. Cells were lyzed, and the lysates were
non-native proteins. To further examine whether this binding Séntrifuged. The supernatant (Sol) and pellet (Insol) fractions of
was affected by the presence or absence of ATP, Wethe cell lysates were analyzed by SBISAGE and Western blotting

. . - . . using antibodies against (a) VCP, (b) Luc, andAgctin. (d) The
performed the experiments in reactions containing native LUC j,gnq intensity of Luc-GFP (b) was measured using Gel-Pro image

(4 °C) or denatured Luc (43C) in the presence or absence analysis software and presented as the percentage of Luc-GFP. The
of ATP. We found that the presence of ATP did not seem Luc-GFP level in the control cytosolic fraction at ST is set as
to affect the interaction between VCP and Luc under either 100%. The data presented were the average of three experiments.
condition (Figure 6b, lanes 2 vs 3 and lanes 5 vs 6).
Therefore, the aggregation-prevention activity in D1 may be examined whether reduced expression of cellular VCP
attributed to its innate capability of binding to non-native enhances the extent of protein aggregation in cells. We used
proteins. RNA interference-mediated gene disruption to decrease the
A Reduced Intracellular VCP Lel Results in an Increase  level of VCP in the cells that express Luc-GFP and then
of Luc-GFP Aggregation in VWb, and the Increase Is analyzed the aggregation of Luc inside the cells. We
Enhanced in Response to Heat Shdakfurther characterize  transfected VCP short hairpin RNA (shRNA) or its empty
the in vitro aggregation-prevention activity of VCP, we first vector (Ctrl) into HEK293 cells that stably express Luc-GFP
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Ficure 8: VCP proteins colocalize and associate with denatured Luc-GFP. (a) HEK293 cells stably expressing Luc-GFP fusion protein
were cultured in Lab-Tek chambers and treated without (paned§ ar with (panels 58) heat (43°C, 1 h). Cells were fixed, reacted with
VCP-specific antibodies, and followed by a TRITC-labeled secondary antibody (panels 1 and 5). Hoechst staining was performed to localize
the nuclei (panels 3 and 7). The processed cells were then imaged for the localization of VCP (panels 1 and 5), Luc-GFP (panels 2 and 6),
and nuclei (panels 3 and 7). Panels 4 and 8 are merged images of panels 1 with 2 and panels 5 with 6, respectively. The foci containing
both VCP and Luc-GFP are indicated by arrows. (b) Luc-GFP-expressing HEK293 cells transfected with VCP shRNA or its control vector
were treated with or without heat, and the cell lysates were extracted and used to measure the enzyme activity of Luc. The data presented
represent the average of three experiments. The Luc-GFP in the total cell lysate was detected using Western blotting with anti-Luc antibody.
(c) Luc-GFP-expressing cells were treated with (H) or without (Cj@3eat shock and lysed. The cell lysates were separated into soluble

and insoluble fractions, and a portion of the soluble lysate was immunoprecipitated with anti-VCP antibody or a mouse Ig antibody as
negative control. The separated soluble fraction (lanes 1 and 2), the insoluble fraction (lanes 3 and 4) of cell lysates, and the precipitated
VCP complexes (lanes-38) were then analyzed by SB®AGE and Western blotting using Luc-specific or VCP-specific antibody.

for 5 days and found that shRNA specifically reduced the analyzed by confocal microscopy (Figure 8a). Because Luc,
level of VCP (Figure 7a, lanes 5 vs 1 and lanes 7 vs 3) but but not GFP, is thermolabile, heat shock will only denature
not that of actin (Figure 7c, lanes 5 vs 1 and lanes 7 vs 3). Luc. Thus, after heat treatment, the fusion proteins composed
On the basis of the notion that VCP acts as a molecular of native GFP and denatured Luc will aggregate and appear
chaperone that protects proteins from denaturation andas green fluorescent foc24). The results show that heat
aggregation, we expected to find more protein aggregatesshock induced the formation of prominent Luc-GFP foci
in shRNA-treated cells. Indeed, more Luc-GFP is present in (green) (Figure 8a, compare panels 2 and 6) and that VCP
the insoluble (Insol) fraction (Figure 7b,d, lane or bar 7 vs molecules (red) colocalized with these foci (Figure 8a, panels
3) and less Luc-GFP in the soluble (Sol) fraction (lane or 5, 6, and 8). These foci marked the presence of insoluble
bar 5 vs 1). Furthermore, we examined if heat stress furtheraggregates of Luc, in which Luc was enzymatically inactive
enhances the aggregation in shRNA-treated cells. Strikingly, in HEK293 transfected with VCP shRNA or its control vector
when these cells were subjected to a°€3heat shock (H) (Figure 8b). To further test whether VCP interacted with the
for 1 h, more aggregates (Figure 7b,d, lane or bar 8 vs 4) non-native Luc in cells (Figure 8c), we lysed the heat-
and less soluble Luc-GFP (lane or bar 6 vs 2) were detectedshocked (H) and the control (C) cells and separated cell
in shRNA-treated cells than in control cells. Together, these lysates to soluble (Sol) and insoluble (Insol) fractions (lanes
results show that a reduced level of VCP resulted in an 1—4). We then immunoprecipitated VCP from the soluble
increase of protein aggregation in vivo, and this increase wasfraction (lanes 58) and determined if Luc-GFP is present
further enhanced by heat treatment. (upper panel) in VCP-containing (lower panel) complexes.
VCP Colocalizes and Associates with Non-NatiLuc in The result shows that Luc-GFP is coprecipitated, thus
Cells. To study whether VCP interacts with thermally associated with VCP in the soluble fraction, and that the
denatured proteins in vivo, HEK293 cells expressing ther- association was more pronounced in heat-shocked cells
molabile Luc-GFP were stressed at 43 for 1 h and then (upper panel, lanes 6 vs 5). Overall, these experiments
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indicate that VCP molecules colocalized with the foci the protein is polyubiquitinated and targeted to the 26S
containing non-native Luc-GFP (Figure 8a) and physically proteasome for degradation. Due to genetic alterations or
associated with non-native Luc in the same complex (Figure environmental changes, aberrant proteins often have surface-

8c). exposed hydrophobic patches that are highly interactive with
each other. Through such interactions, these proteins bind
DISCUSSION together to form insoluble aggregates. VCP has been shown

to recognize such ERAD substrates in either a ubiquitin-
dependent or a ubiquitin-independent manri9).(In the
ubiquitin-dependent process, VCP binds the ubiquitinated
protein through its N domainl@) and, with the help of
cofactors Npl4 and Ufd1, extracts the protein out of the ER
membrane. In the ubiquitin-independent pathway, VCP may
directly bind to the substrates via the D1 domain of VCP
and the hydrophobic patches on the surface of substrate
proteins.

It has been shown that a hexameric form of the VCP
Igomplex is required for the ATPase activity and for mediating
ubiquitin—proteasome degradatiod3 25). However, we
) _unexpectedly found that such a structure is not required for
_ Our results suggest that VCP, being an abundant proteiny,e aqgregation-prevention activity of VCP. We generated
in cells ), may respond to thermal stress by binding to and \,cp mytants that are unable to form hexamers and showed
maintaining the stressed non-native proteins in a soluble w4 the monomeric form of D1 is sufficient to prevent protein
condition. It is conceivable that VCP may even participate ,4qreqation (Figures 2 and 3). To further support this finding,
in dissolving or eliminating the protein aggregates. Interest- \, .« qomonstrated that the wild-type ND1, which is a hexamer,
ingly, we previouslly.reported that the optimal temperature ;.4 two ND1 mutants, which are not hexamers, are all
for the ATPase activity of VCP is 5% (23), a temperature  ,hahe of suppressing protein aggregation (Figure 4). These
significantly higher than the physiological condition. This raq,ts Jed to a conclusion that monomeric VCP is sufficient
relatively heat-resistant enzyme activity suggests that VCP prevent protein aggregation. In other words, the aggrega-
may apply its ATEase activity to dissolvg orto unfold/refold tion-prevention activity of VCP is independent of its
non-native proteins. However, our preliminary study (Not .onformation, consistent with our finding that this chaperone

shown) showed that VCP cannot perform this function alone. vty is insensitive to the conformational changes induced
Therefore, it is possible that VCP cooperates with other by ATP binding or ATP hydrolysis (Figure 5).

cochaperones to fold/unfold, and possibly also to reactivate,
the non-native proteins. This is supported by the finding that

In this report, we demonstrated that VCP has chaperone
activity in suppressing protein aggregation after thermal or
chemical treatment. Our in vitro studies showed that this
aggregation-prevention activity was carried out mainly by
the D1 domain and did not require ATPase activity or a
hexameric structure of VCP. Since D1 is a highly conserved
AAA domain, these findings possibly also apply to other
AAA family proteins. Consistent with the in vitro results,
in vivo analyses also demonstrated that a lower level of VCP
correlated with a higher degree of protein aggregation in cells
and that the aggregation was further increased by heat shoc
challenge.

The ready association between VCP and non-native
) proteins suggests a link between VCP and the diseases
the Cdc48p (yea;t VC,P homologu.e) can work with Hsp40/ involving protein aggregation, such as neurodegenerative
Hsc70 to rescue inactivated proteirzs diseases and inclusion body myopathy. It has been demon-

This aggregation-prevention activity may be used to strated that VCP and its homologue, Ter94, interact with
rationalize other biOlOgical functions of VCP. In mediating protein aggregates Containing poiygiutamine (Poiy@’ (
protein degradation through the ubiquitiproteasome path-  41), a hallmark of Huntington’s disease. VCP also colocalizes
way, VCP may separate the ubiquitinated protein from a with ubiquitin-containing inclusion bodies in the cerebral
protein complex and deliver this protein to the 26S protea- cortex of neuronal degenerative disordet®(Furthermore,
some for degradationly, 29—31). With this aggregation- it has recently been shown that a fatal diseasgysionbody
prevention activity, VCP maintains the protein in a soluble rnyopathy with Pagetdisease an(ﬂrontotemporakjementia
condition and possibly further assists the unfolding of the (|BMPFD), results from specific VCP mutationst3).
protein. It is known that the 26S proteasome consists of aRemarkabiy, the mutant VCP proteins7 primariiy Containing
20S proteolytic core and two 19S regulatory complexes, apnormal N domains, colocalize with the insoluble inclusion
which attach to the two ends of the core. Because the 20Spodies in the muscle fibers of IBMPFD patiends). It may
core has a narrow opening that only allows the passage ofpe presumed that in the presence of non-native proteins VCP
unfolded polypeptides3@—35), the substrate protein has to  readily binds to these proteins through its D1 domain and
be unfolded before entering the 20S core. Since both theCo|Oca|izes with the aggregates_ However, because the N
19S complex §6—38) and VAT (an archaeal VCP homo-  domain is responsible for binding to both ubiquitinated
logue) @9) are capable of remodeling proteins, it is conceiv- proteins and cofactors, mutations in the N domain may
able that VCP may cooperate with the 19S complex to compromise the ability of VCP to mediate the degradation
facilitate unfolding and entry of the substrate into the 20S of ubiquitinated proteins. Consequently, when non-native
core. proteins accumulate to an overwhelmingly high level, the

The aggregation-prevention activity may also assist VCP aggregates associate with one another to form large insoluble
in mediating endoplasmic reticulum-associated protein deg-inclusion bodies. Although the specific role of VCP colo-
radation (ERAD), a process responsible for the quality calized with protein aggregates is not clear, based on the
control of newly synthesized/assembled proteins. When anfinding that the Cdc48 (yeast homologue of VCP)/Hsc70/
aberrant or improperly assembled protein emerges as an ERHsp40 complex can reactivate denatured L28),(VCP may
luminal protein or as an integral membrane protein, it is have a similar function. Further studies on the chaperone
extracted back to the cytosolic side of ER. In the meantime, activity of VCP would shed light on the molecular mecha-
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nisms involved in the pathogenesis of aggregate-containing

diseases.
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